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ABSTRACT
An optical system using spherical and cylindrical
optics can convert area-modulated spatial sinusoidal targets
to intensity-modulated spatial sinusoidal images. A
specific system was analyzed with a spot diagram. System
response to 30 cycles-mm~l is predicted. The system mechan
ical tolerances were determined on the basis of modulation
transfer function (MTF) calculations. A mechanical structure
which would maintain these tolerances was designed and built.
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INTRODUCTION
At the time of writing the Rochester Institute of
Technology Photoscience Division does not have a camera for
the direct measure of the sine wave response of photographic
films. Previous cameras designed by Chen-- and Covey and
Bozenhard* are unfinished. To meet this need, a camera was
designed, and a transport and lens mount were built (Fig. 1 -
4).
The camera uses a simple cylindrical optic and a high
quality photographic objective to convert area modulated
spatial sine wave targets to intensity modulated spatial
sine wave images3. The use of these optics was analyzed with
a spot diagram produced by tracing a number of skew rays
through the system.
The system tolerances were determined by setting a
minimum MTF for the camera objective and calculating the
amount of defocus which would produce this MTF. The mech
anical structure was then designed to maintain this tolerance
using stress and strain analysis. Film plane flatness was
tested using mechanical means. The light source required
was theoretically determined.
FIG. 1 Transport Lens Mount
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6OPTICAL CONSIDERATIONS
A. THEORY
An example of an area-modulated sinusoidal target is
shown in Figure 5. To analyze the optical system requirements
the target is divided into bar-shaped elements parallel to
the y-axis (Fig. 6) . The thickness of these elements is
allowed to approach zero. To convert the area-modulated
target to an intensity-modulated image, each target bar must
be resolved at the image plane, but the energy radiated from
each target bar must be distributed over the length of each
image bar. As shown in Figure 7, the intensity of each bar
in the image is then proportional to the white area of the
conjugate target bar. The white area of the bars varies
sinusoidally as the target bars are crossed so the image
intensity will vary sinusoidally as the image bars are
crossed. At the limit of zero bar width, the area-modulated
target is converted to an intensity-modulated image.
The illumination system optics used in most slide
projectors provides the means to distribute the light from
the source evenly over the image plane. The condenser lens
forms an image of the projection lens aperture stop at the
source (Fig. 8c & 8d) . Thus the entrance pupil is at the
tz *-
FIG 5. Area Modulated Sine Wave
8F
FIG. 6 Divided Area Modulated Sine Wave
FIG. 7 Intensity Modulated Sine Wave
a - axial projector lens imaging system
b - off axis projector lens imaging system
c - axial condenser system
point on source
. . i^LTr^M^ jnnl'inafQc all points
l"-5 \lt^ -^_ on screen
d - off axis condenser system
all points on source illuminate
each point on screen
e - combined system
off axis
f - combined system axial
FIG. 8 Condenser Optical System Ray Trace
10
source. The projection lens acts like a field lens and
directs the cone of illumination toward the screen. Note
that each point in the source illuminates all points in the
image plane and conversely each point at the screen is
illuminated by all points of the source (Fig. 8e & 8f ) . A
system of this configuration provides a Maxwellian4 view of
the source .
A cylinder lens can be placed between a photographic
objective and the area-modulated target to provide a Max
wellian view of each bar across the y-axis . On the z-axis
the cylinder lens acts like a glass plate. In the thin
lens approximation a glass plate has no effect. In the
actual system it degrades the correction of the photographic
objective.
A pictorial representation is shown in Figure 9. A
schematic of the equivalent thin lens system and a ray trace
table are shown in Figures 10 and 11 and Table 1. Note that
the schematic is divided into two orthographic views. The
photographic objective will resolve each bar across the z-
axis because the cylinder has little effect on this axis.
The length of each bar in the image plane will be evenly
illuminated by its conjugate target bar because the cylinder
generates a Maxwellian view on the y-axis.
11
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B. OPTICAL CONFIGURATIONS
Some parameters of the optical system must be chosen,
others are defined by available components or physical con
straints. The camera designed will provide sinusoidal ex
posures of .3 to 30 cycles per mm. Targets have been produced
by Hertzman. These targets require 3:1 reduction across
the z-axis and are 18 mm across the y-axis. The image plane
is 10 mm across the z-axis and 2 mm across the y-axis. The
lens is a Kodak 50 mm fl.9 Ektar salvaged from a television
camera. The lens will be stopped down to f2.3 which provides
a numerical aperture of .16 at 3:1 conjugates. This numerical
aperture was chosen to agree with proposed standard ANSI
PH2-33/7.6 Unmodulated light will be added to the modulated
beam with a beamsplitter to control the contrast of the
image. The clear area above the modulated sinusoidal target
determines the initial contrast of the image. The clear
area will be adjusted to set the initial contrast of all
the targets equal. The exposure will be controlled with
neutral density filters inserted between the lamp and the
diffuser which illuminates the area modulated targets. The
remaining system parameters are determined by constraints
imposed by the previous choices of components. To produce
3:1 conjugates with a 50 mm objective, the target must be
16
200 mm from the first principal plane. The image plane is
66.6 mm from the second principal plane. The cylinder lens
images the target inside the photographic objective. The
18 mm target must be imaged approximately full size to fill
the 22 mm diameter entrance pupil. The target image is less
than the diameter of the entrance pupil because the target
is rectangular. Even though the lens is underfilled, the
corners of the target will vignette. Assuming the cylinder to
be a thin lens, a 50 mm cylinder is required to provide a
1:1 image of the target with 200 mm between the target and
the first principal plane of the photographic objective.
The cylinder must be at least 12 mm across the power axis
and at least 26 mm across the null axis. A ray tsace and
ray trace table are found in Figure 10 and Table 1 which
define these dimensions.
Cylinder lenses are usually available in the plano
convex bending. This is close to the optimum bend for mini
mum spherical aberration at infinite conjugates. This lens
can be oriented with the plane side toward the target or
away from the target. A biconvex bend of equal curves is
the optimum bend for symmetric conjugates. Two 100 mm plano
convex cylinders could be cemented together at the plane
surface to produce a 50 mm equiconvex cylinder. The place
ment of the elements in the three systems was determined
17
using skew ray traces of each system.
A set of skew ray trace equations is available for
cylindrical as well as for the spherical lenses. The cylin-
7drical skew ray trace equations are those of Lessing. These
equations are a modification of the spherical skew trace
equations of Feder. Schott BK5, a common optical crown
glass was chosen for the cylinder lenses. The lenses are
assumed to be 3.2 mm thick at the center.
The positions of the principal planes of these lenses
were determined, and the conjugates were measured from these
principal planes. The object distance (s) for the photo
graphic objective has to be corrected for the glass thickness
of the cylinder. The equivalent air thickness of the cylinder
lens on the null axis is the actual thickness divided by the
index. The distance between the principal planes (hiatus)
is roughly a third the thickness of the lens. With an index
close to 1.5, the equivalent air thickness of the cylinder lens
is roughly two-thirds the thickness of the lens. When the
cylinder is inserted between the target and the photographic
objective, the conjugates have to be increased by one-third
the thickness of the lens because the lens acts as if it
were only two-thirds as thick as it really is. This one-
third increase equals the increase required to compensate
18
for the distance between the principal planes on the power
axis. Thus inserting the cylinder does not appreciably
effect the thin lens conjugates.
As the system has been described there is a plane
approximately two-thirds the distance from the target to the
cylinder lens which is conjugate with the image plane on the
y-axis. This conjugate plane can be confirmed using the
Newtonian form of the image equation or note that the upper
rim ray, lower rim ray, and principal ray cross at this plane
in Figure 10. The exact height and position for the actual
(thick lens) situation can be determined by tracing two rim
rays from an extreme off-axis position backwards through
the system. The edge of the field stop is defined by the
intersection of these two rays.
The three systems described here were analyzed with
skew ray traces to produce a spot diagram of 72 selected rays
for each system.
The rays were chosen to demonstrate the response of the
system over the entire aperture as well as over the entire
target plane. Selected rays were traced at three wavelengths
to demonstrate any color effect. The actual formula for the
photographic objective9 was used for these traces rather than
19
a paraxial approximation.*
C SKEW RAY TRACE
The positions of the various elements are shown in
Figures 12, 13, and 14. The rays chosen to trace were
distributed in thirds over the y-axis at the field stop
(Fig. 15) . On the z-axis the rays were distributed in thirds
over the photographic objective entrance pupil (Fig. 16) .
The target positions of interest are displayed in Figures
12, 13, and 14. Symmetry was used to advantage wherever
possible to avoid tracing redundant rays. All rays were
aimed from the target through the field stop. To distribute
the rays properly across the photographic objective, the
distribution was asymmetric at the field stop across the
z-axis. As the rays were traced, all rays starting at target
points z=0, -3, -15 should appear at image points z=0,l,5
respectively. All rays going through y= -1,0,1 at the field
stop should appear at image plane coordinates y= -1,0,1. A
tabulation of the rays traced is contained in Appendix A.
* The formula for this lens was available because of a
professional affiliation. It is proprietary and cannot be
published .
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The y-axis was not critically focused. Focus on this
axis is a matter of field stop position which will not be
very well controlled. Focus of the field stop does not
affect the sine wave focus.
As can be seen in the spot diagrams (Fig. 17, 18, and
19) , the image plane suffers pincushion distortion. Within
the central millimeter of the image plane the energy from a
target point spreads about lOumon the z-axis. This limits
resolution to about 50 cycles/millimeter. There may be some
color fringing at the extreme y-axis positions. It is
possible that the red, green, and blue will be integrated to
white because the order of the three colors is not consistent
for rays traced through different aperture positions. Finally,
there does not seem to be a best system based on the spot
diagram results. The z-axis response of all three systems
was similar. The plano-convex system will be used with the
plane side toward the photographic objective. This system
was chosen because it is less complicated than the equi-convex
case and seemed to integrate the color fringing better than
the alternate orientation of the plano-convex case.
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TOLERANCE CALCUIATIONS
The optical system was found to be relatively insensi
tive to the position of the cylinder lens, but the photo
graphic objective must be positioned accurately to resolve
the target across the z-axis. To approximate the objective
position tolerance, a minimum system MTF of .6 at 100 cycles
per mm was set. The amount of defocus which would reduce
the MTF to this value was determined.
A. MODULATION TRANSFER FUNCTION
The diffraction image of a point source produced by a
circular lens is an Airy disk. This is the point spread
function for the lens. The MTF of a system with this point
spread function is defined by:10
MTF(,r j
= (J> - cos^ sin^ ) (cos)
L = 1 for radial lines
3 for tangential lines
<f> = cos""-- \"f
2 N.A.
}[ = wavelength
"f = spatial frequency
@= angle off axis
30
The image of a point source produced by a defocused lens is
to a first approximation a uniformly illuminated circle if
the defocus is such that wave aberation is less than 1 wave
length. The radius of this circle is dependent on the N.A.
of the lens and the amount of defocus ( $ ) :
= Tan U' 6
2
|=6 N.A.
B = 2 6 N.A
N.A. = N" Sin
U'
For a system in air
N.A. = Sin
U*
For small angles Sin
U'
=
Tan U'
FIG. 20 Geometric Blur Circle
Using a geometrical optics approximation, the MTF of a perfect
lens defocused to produce a spot size B is:
MTF(^) = 2
J- (ffB^) =- J1 (2WN.A.lT )
7T B { IT 6 N.A.
31
The MTF of the system is approximately: --1
MTF = (MTF^) (MTFDp)
(MTFdue tQ Airy disk) (MTFdue to defocus)
= 2 (0 - cos 0 sin 0) (cos )L (2Jn (2 N.A.V^))
TT 1
( 2 N.A. sT )
Set:
K = 2_ (0 - cos 0 sin 0) (cos 0)L
Then:
MTF = K J (2cS)
c <$
(MTF) cS = J^c 5 )
K
J1 (x) ^= x/2 -
x3/23 ' i:2! + x5/252!3!
Thus for three terms :
c.6 mFc-2c& -
23c3cS3
-
25c5<S5
K
~
2 16 384
MTF ^ 1
-
8c2<?2 +
32c4<54
K
~
16 12
1 - c^i +
c464
2 12
Ofe c464 - c2<$2 + (1 - MTF )
12 2 K
Substituting y for 6 2 in 3 term approximation
0 ^
c4y2
- c
2
y + 1 - MTF
12 2 K
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Thus:
/c2 + /(c2)2 - /4cj (1 - MTF^
= / 2 V 2 I 12 K /*
%
For two terms:
c&TTF ^ 2cS
-
23c3l3
K
~
2 16
MTF -^ 1
-
8c2<$2
K
~
16
~1 - c2<2
0 ?
"
c262 + (1 - MTF)
^
2 K
Thus:
-
<$ = / ( 1 - MTF)
K
12
2
Comparing to determine accuracy of 2 term approximation:
For A = 550 x 10_9m.
N.A. - 0.16
f = 100 x 103, 60 x IO3, and 30 x IO3
X --
100 5.026 x
104 7.7 x 10"!
60 3.016 x
104 8.6 x 10_1
30 1.508 x
IO4 9.3 x 10"1
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SPATIAL FREQUENCY VERSUS DEFOCUS
Spatial Freq. Allowable amount of defocus at specified MTF
(cycles/mm) 2 terms .8MTF 3 terms .8MTF 2 terms .6MTF
100 0.013 mm
60 0.013 mm 0.013 mm 0.026 mm
30 0.035 mm 0.036 mm 0.056 mm
TABLE 2
The 2 term approximation appears to be sufficiently
accurate.
To maintain an MTF of 0.6 at 100 cycles mm"--, the lens
to film distance must be held to 0.013 mm (0.0006 inch) .
The tolerance will be distributed between the camera base
and the transport mechanism. The film to lens tolerance was
set + .0004 inch.
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B. CONJUGATE LONGITUDINAL TOLERANCE
To determine the longitudinal object plane tolerance
for a lens given the longitudinal image plane tolerance the
rate at which z changes for a small change in z' must be
determined. This is described by the first derivative of
the function which defines z in terms of z'.12
z , f . f ',
z'
FIG. 21 Longitudinal Tolerance
z = f2
z
'
dz = - f. M = zj_ M = lateral magnification
z.^dz f
Thus:
dz = -1/M2
The longitudinal object plane tolerance is equal to
-1/M2times the image plane tolerance. For the optical
system proposed, M is -1/3 and the image conjugate distributed
longitudinal tolerance is .0002 inch so the object plane
longitudinal tolerance is .0018 inch.
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LIGHT SOURCE CONSIDERATIONS
A-. ASA SPEED
The speed of the films of interest are usually reported
in ASA values. The camera source must accommodate the film
which requires the greatest exposure. To determine the
exposure to produce a density of .9. the ASA standard D-log
H curve for this film must be studied (Fig. 22 ).13 The
threshold point (E ) has a corresponding density value of .1
over base and fog. With a standard contrast index of .62,
the exposure to produce a density of .9 is (log Em + 1.3).
The ASA speed is defined by:
ASA =
.8/Em Em = .8/ASA
Log E +1.3 equals the log exposure required to produce a
density of .9:
lux seconds = log"-- (log E + 1.3)
exposure
Panatomic X is a relatively slow black and white film.
Films with slower ASA speeds would probably require a camera
capable of spatial frequencies greater than 30 cycles mm~l.
The ASA speed of Panatomic X is 32. 14
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Exposure = log"1 (log (,8/ASA) + 1.3)
= log"1 (log (.8/32) +1.3)
= .5 lux seconds
The target will be illuminated by a diffuser to reduce
coherence effects. The diffuser is illuminated by a xenon
flash lamp (Fig. 23) . Some of the possible diffuser materials
are pot opal glass and .250 inch thick Plexiglass W2447.
Both have similar diffusing characteristics and approximate
a perfectly diffuse source well. The main difference between
them is that the plexiglass has a luminous directional trans
mittance (T) of .5 while the pot opal glass has a T of .13.
The illuminance of the film plane is determined by the flux
emitted by the diffuser and the numerical aperture of the
lens assuming a given source and source to diffuser distance.
B. PHOTOMETRIC CALCULATIONS
The xenon flash lamp will be placed in a diffuse reflec
tor. Coiled xenon lamps are generally a few centimeters across
in the smallest sizes. This situation is difficult to approx
imate because the lamp is too large to be considered a point
source. To demonstrate the feasibility of illuminating the
film plane with a xenon source, the lamp will be assumed to
be .3 meters from the diffuser where it approximates a point
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source quite well. In the actual system it may be closer
to the diffuser so the actual source required should be
smaller than demonstrated here.
Ideally a point source of some number of lumens (0 )
will radiate into 4pi steradians. Because the lamp base
blocks some of this angle an empirical value of 10 steradians
will be used. The candlepower (I ) of the lamp is defined
as shown below:
1 candle = 1 lumen/steradian
Iv = 0V/1O lm/sr
By the inverse square law, the illuminance (E ) falling
v
on the diffuser will be:
E = I /d2 = 0 /10 d2 lumens d = source to
v v v '?
meter-1 diffuser
distance
The illumination falling on the diffuser will be atten
uated by the luminous directional transmittance (T ) of the
diffuser. 5 Further the axial luminance (L ) will be a
factor of pi less than the axial illumination because the
diffuser spreads the flux into 2 pi steradians by Lambert's
cosine law:
Lv = TdEv/7r = 0vTd/10 d2/r lumens
steradian meter
40
The flux radiated by the diffuser will be attenuated by
the transmission of the lens (T) . The image plane illumin
ation (E* ) is defined as shown:15
v
(NA) = sin = i angle source
E"
= TTl>v
sin2 Q T (exit pupil)
subtends on an
o
= TT Lv (NA) T axxal image point.
NA = numerical aperture
0 (NA) T T, lumens
---Jtf-I II I Mil II llli +\
10 d^ meter''
Finally, a factor of exposure time is considered so
that the exposure (H ) can be directly related to the lumen-
seconds (Q'v) required of the source.
H = E't
v v
Qy = 0vt t = exposure time (sec.)
2
H = Qy (NA) T T, lumen seconds
10 d2 meter2
Solving for
Q'
Q'
= H 10 d2v v
V
(NA)2 T Td
= .5 (10) (.3)2
(.16)2 (.9) (.13)
= 150 lumen-seconds
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MECHANICAL CONSIDERATIONS
A. MECHANICAL CONFIGURATION
The transport mechanism (fig. 1) is driven by a Bodine
Slosyn synchronous motor. The motor moves the film through
the transport in .4 inch increments. The film is transported
as it is passed between the nip of a steel and a rubber roller.
Because the transport does not require sprocket holes, it was
possible to transport 16 or 35 mm film. As the transport
was built, it can be switched between 16 and 35 mm in a few
minutes. The emuslion in the area intended for the exposure
of the film has minimal contact with the mechanical parts of
the transport. A hole in the film backing plate allows the
image to be focused on the emulsion while being viewed with
a microscope.
The lens is mounted on a "distance piece" which is a
spacer separating the lens and film plane. Temperature
deviations greater than + 10F or forces greater than 1000
pounds would be required to deform the spacer beyond toler
ance. The transport and lens mount is supported on a three
point adjustable mounting. This mounting, the mirrors, the
cylinder lens, and the targets are mounted on a base which was
designed to maintain the target to lens tolerances (fig. 24) .
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The targets are mounted on a steel disk. The disk is
mounted between a roller thrust bearing and a tapered roller
bearing. The roller thrust bearing maintains the targets in
a plane perpendicular to the optical axis. The taper roller
bearing radially aligns the targets. A xenon flash above the
targets illuminates the target being imaged. A mirror below
the disk folds the optical axis parallel to the base. The
cylinder lens is between the target and the transport lens
mount. A second mirror below the photographic objective folds
the optical axis upward into the photographic objective. The
targets, the cylinder lens, and the mirrors are mounted on
three point adjustable mountings so that the components can
be aligned to the optical axis. Three point symmetric
mountings were chosen because the camera should not require
frequent adjustment. The difficulty of adjustment is justified
by the added support and minimization of strain. Three and four
point orthogonally positioned mountings are easier to adjust
because each screw or pair of screws controls only one axis.
Orthogonal positioning of three point mountings (fig. 25)
does not provide maximum support; one corner is supported by
a lever twice as long as the lever which supports the corners
of the symmetric case. Because only three points are required
to define a plane, a four point mounting over-constrains the
mounted component. The fourth point may stress the component.17
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The target disk should be shimmed parallel to the base
plate within .001 inch TIR. The mirror under the target disk
and the cylinder lens should be mounted on carriages which
have slotted holes so they can move parallel to the optical
axis. Ground pieces of stock about .125 inch high should be
fastened through oversize holes on each side of the carriage
so that once angular alignment has been established it can be
maintained by securing the ground stock against the side of the
carriage. The carriages then ride in a set of ways formed by
the ground stock if movement along the optical axis is required.
The mirror, field stop, and cylinder mounting block should be
mounted on three point push pull mountings (fig. 26) . The
cylinder lens and the field stop should be mounted so that they
can rotate independently in the mount. The transport mounting
stage must be square to .0001 inch on the top, bottom, and
side facing the target disk. The base plate must be ground
flat on the top surface to .0005 inch. To align the internal
beamsplitter to the transport stage a first surface plane para
llel mirror is placed on the front surface of the stage. An
alignment telescope is collimated perpendicular to the mirror.
The mirror is removed from the front surface and placed on
the top of the stage, mirrored surface down, the beamsplitter
is then adjusted to collimate the mirror. The beamsplitter is
mounted on a T shaped steel plate (fig. 2 7) . A cone shaped
46
FIG. 26 Push Pull Mountings
47
FIG. 27 Beamsplitter Mounting
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dimple on the top of the T is pulled against a steel ball with
three screws. The steel ball is squeezed between the top of
the T and a steel plate mounted on the transport mounting stage,
The plate rotates on an axis perpendicular to the optical axis
which passes through the center of the steel ball. This mount
ing provides limited movement on all axis. The system can be
focused on the z-axis by moving the entire transport stage
along the optical axis. To maintain angular alignment, ground
stock should be placed next to the stage in the same configur
ation as the ground stock next to the cvlinder and mirror
carriages.
B. STRESS AND STRAIN ANALYSIS
The main supporting components of the camera (fig. 24)
reduce to two " x 4" x 18" beams. The maximum force antici
pated in the handling of the camera is 100 pounds and the
estimated weight of the camera is also 100 pounds. The weight
of the structure is evenly distributed over the beams but will
be concentrated in the analysis to demonstrate a more severe
case while simplifying the calculations. The beams are
mounted side by side, and the total load of 200 pounds is
supported by both beams equally (fig. 28a) . This allows the
two beams to be combined as shown in Figure 28b. A free
bodv diagram of this beam and its load (w) is shown in Figure
49
29a. The maximum fiber stress in the beam is represented by
the expre s s ion : 18
f = Mc. w = load in pounds
I M = bending moment
I = moment of inertia
c = i the height of a uniform
beam
For a rectangle, the moment of inertia is defined by: 9
I = bh3 b = the width of the beam in a
12 plane perpendicular to the
axis of the load
h = the height of the beam in a
plane parallel to the axis of
the load
The bending moment is defined by:
M = 1, x w
2
f = 6^ wc
6 u3
= 6 x 18 x 100 x 2
= pounds/inch2
1 x 43
f f
The elastic limit of cold roll steel is approximately 2 5000
pounds/inch2. At a maximum stress of 338 pounds/inch2 the
safety factor for this beam is over 70. As long as the elastic
limit is not exceeded the beam will return to its initial
position when a transient load is released; this re-establishes
the optical alignment of the camera. The camera alignment will
not be disturbed by the force produced by its own weight. This
50
i inch
200 pounds
h = 4 inches
1 = 18 inches
w = 200 pounds
b = 1 inch
FIG. 28 Distribution of Load
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(a)
200 pounds
1
100 pounds
f- 18 inches
A
100 pounds
H
100 pounds
bending moment
^900 inch pounds
Hr
9 inches
2^
100 pounds
-H
(b)
100 pounds
_J
50 pounds
2*.
50 pounds
j-% 18 inches *-|
T T
4 inches h
\ t
1 inch
T
4 inche 3
i. U
1 inch
FIG. 29 Free Body Diagram
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is a constant force which will determine the position of the
camera base during and after alignment.
The deflection of this beam under the 100 pound handling
load (fig. 29b) is a further indication of the stability of
the camera base. The total deflection due to bending and shear
will be equal to:20
vo = w
l3 1 + (ll) 2
48 E I 5 G (l)2
= 100 pounds (18") 3
48 x 30 x 10b PSI x 5.3 inchJ
1 + 6 x 30 x IO6 PSI (4")2
5 x 11.4 x 106 PSI (18")2
= 8.8 x 10~5 inches
Finally, the temperature range the camera is intended to work
over is 70F + 10F- A 10F temperature change will change
the short conjugate 1.6 x 10~4 inches. -1-
k = 1_ k = the temperature
T Lp coefficient of
expansion (6.3 x
L = k T LQ IO*"6 inches/inch
degree F for steel)
= 6.3 x 10~6 10 2.6 inch T = change in temp.
L = length at initial
= 1.6 x 10~4 inches temperature
L = change in length
The long conjugate will change .0005 inches over the
same temperature range. The .0005 inch change in the long
conjugate will make the situation at the diort conjugate worse
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by approximately .00005 inches. The 70F + 10F temperature
range will use .0002 inch of the .0004 inch tolerance available
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CONTROL CIRCUIT
A split phase 60 Hz line synchronous 72 RPM Slosyn motor
is used to drive the film. Each revolution of the motor
requires 50 cycles. The rotor can be locked by applying DC
to both field windings.22 The motor drives a set of 6:1
reduction gears which drive a .42 inch diameter capstan. Two
revolutions of the motor or 100 cycles will Qrive the film
.44 inch. The motor reaches speed in approximately 1 cycle.
The relay which switches between the driving AC and the DC
which locks the rotor has a 1 cycle rise time. The motor
stops in about 1 cycle after the DC is applied. The exact
stop and start of the motor is uncertain + 3%. A TTL counter
will count the cycles applied to the motor and compare to a
thumbwheel setting. When the count equals the thumbwheel
setting, the motor will be stopped. The control sequence is
shown in Figure 30. A possible control circuit is shown in
Figures 31 and 32 .
When the logic is powered up all of the Schmitt AND
gates connected to the initialization terminal (I) are held
low by a capacitor-resistor combination which has a time constant
much longer than the time constant of the one-shot switches
described in the next paragraph (fig. 31) . All of the solenoid
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f START \
DELAY
OPEN
CAP
SHUTTER
DELAY
CLOSE
CAP
SHUTTER
PINCH
ROLLER
CONTACT
BACKING
PLATE
RELEASE
FILM
TRANSPORT
BACKING
PLATE
CONTACT
PINCH
ROLLER
RELEASE
FIG. 30 Control Circuit Flow Chart
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TO CAP
SHUTTER
TL
^ ,.T-gH-7
*A
^ 1B>
^
iesit
MOTOR
CONTROL
LOGIC
OUTPUT
u
13
rw 3<J|ipEp
RELAY
TO LOAD
_ -TO ALL
J POINTS
MARKED I
INITIALIZATION
TERMINAL
LOAD
SWITCH
DRIVER
CS
TL
RA
TW
Cap Shutter Flip-Flop PR - Pinch Roller Flip-Flop
Target Lock Flip-Flop BP - Back Plate Flip-Flop
Rachet Advance Flip-Flop TRW - Transport Wait Flip-
Target Wait Flip-Flop Flop
FIG. 31 Control Circuit Hardware
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DC +
DC RETURN
DC +
V+
SCHMITT
TRIGGER
SN5414
8 BIT
COUNTERS
SN54L93
8 BIT
COMPARATORS
SN54L85
FIG. 32 Motor Control
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loads are controlled by relays which are driven by a transistor
driver (fig. 31) . The diode across the relay is reverse biased
so that it will quench the spike generated when the transistor
goes high.
Where the circuit below is indicated, a single pulse is
required rather than a constant response. Resistor 1 has
substantially higher resistance than resistor 2. When the
switch is cycled to ground a low pulse is generated . The
capacitor charges re-establishing the original high level.
When the switch is opened and returned to resistor 2, the out
put remains high. When the switch is at the resistor 2 contact,
the capacitor discharges in preparation for the next cycle.
V+
r
Rl
R2
J
I
FIG. 33 One-Shot Circuit
Initially, the pinch roller flip-flop will be set which
puts the roller in the retracted position. The backing plate
flip-flop will be reset which puts the backing plate in the
engaged position. The cap shutter flip-flop will be set but
the cap shutter will not respond until the start switch (#1)
and the reset switch (#13) or the complete cycle switch (#10)
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are closed. The target lock flip-flop will be reset as will
the ratchet advance. The wait flip-flops will both be set.
This re-enforces the set condition at the cap shutter flip-
flop. This ends the start-up or initialization cycle.
The start switch is then closed. The camera will cycle
until the first target is in position, the full cycle switch
opens at this target position. To load the transport, the
*
load switch is depressed, this resets the motor counter which
starts the motor and sets the back plate flip-flop, retracting
the back plate. The load switch also resets the pinch roller
flip-flop which engages the pinch roller. The motor will run
until the switch is released and the counter has counted
approximately 100 cycles. At 100 cycles, the motor control
will reset the back plate flip-flop engaging the back plate.
This closes switch (#8) which resets the pinch roller flip-
flop, disengaging the pinch roller which closes switch (#11)
setting the transport wait flip-flop. This ends the load cycle
Pressing the reset switch (#13) sets the target wait
flip-flop driving the cap shutter flip-flop reset terminal
low. Switch 13 is a DPDT switch and also shorts the full
cycle switch (#10) so that the cap shutter will respond. When
the cap shutter is open, the unijunction transistor delay
charges, fires the lamp, and resets the wait flip-flops. A
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second slightly longer delay resets the cap shutter and the
pinch roller. When this occurs, the cap shutter closes and
closes switch (#2). This sets the target lock flip-flop
disengaging the target lock which closes switch (#3) . This
sets the ratchet advance flip-flop advancing the ratchet which
closes switch (#4) . This switch resets the target lock flip-
flop re locking the target. This closes switch (#5) which resets
the ratchet advance. This closes switch (#9) setting the
target wait flip-flop. After the cap shutter closed switch
(#2) the pinch roller flip-flop was also reset. This engaged
the pinch roller which closed switch (#6) . This sets the
back plate flip-flop which disengages the back plate closing
switch (#7) . This resets the motor control counter to 0.
The counter will then count cycles up to the number set on the
DIP switches. The motor will run for this number of cycles
and stop. The pulse which the motor control generates resets
the back plate flip-flop, re-engaging the back plate. This
closes switch (#8) which sets the pinch roller flip-flop
disengaging the pinch roller which closes switch (#11)
setting the transport wait flip-flop. This drives both
terminals of the Schmitt NAND high which drives the set
terminal of the cap shutter flip-flop low repeating the cycle.
This will continue until switch (#13) is opened by the target
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disk indicating that 8 exposures have been made. The transport
is then reloaded, and the sequence is repeated.
The TTL components are all available from Texas Instru
ments. The Schmitt AND gates can be made out of a Schmitt
NAND (TI SN5413) with an inverter (TI SN5405) on the output.
A possible choice for the Schmitt inverters is TI SN5414. A
possible choice for the SR flip-flops is TI SN542 79. The
motor control circuit is self-explanatory.
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CONCLUSIONS
Neglecting the effects of the cylinder lens and assuming
the lens to be diffraction-limited, a lens-to-f iM tolerance
of was required to maintain an MTF of .6 at 100 cycles
per mm. The spot diagrams (Fig. 17, 18, and 19) show very
little advantage to any particular bending of the cylinder
lens. The piano convex bend with the convex side toward
the target may produce less color fringing than the other
bends because the order of the fringing is different for each
ray traced at three wavelengths. The spot diagrams do show
that the system will resolve 30 cycles per mm in the central
millimeter of the 10 mm field.
The mechanical structure of the film transport will
easily maintain the lens-to-film tolerance. The tolerance
was distributed between the camera base and the transport
mechanism. The film-to-lens tolerance was set at .0004".
The longitudinal tolerance for the system is related by the
square of the lateral magnification. The remaining
on the short conjugate translates to on the long
conjugate .
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APPENDIX A
RAY TRACE RESULTS
Table 3. Skew Ray Trace of the Piano-Convex Optical System -
Plane Side Toward Target
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Ray Wave- Target Coordir
Number length Y Z
Stop Coordinates Image Coordinates
Y Z Y Z
0.983 -2.488 -0.991 -0.002
0.983 -2.488 -1.005 -0.008
0.983 -2.488 -0,.983 -0.014
0.983 -2.488 -1*005 -0 . 004
0.983 -2.488 -1.038 -0.017
0 -2.488 0 -0.002
0 -2.488 -0.010 0.002
0 -2.488 -0.019 0.001
-0.983 -2 .488 0.991 -0.002
-0.983 -2.488 0.989 0.009
-0.983 -2.488 1.017 0.018
0.983 0 -0.986 0
0.983 0 -1.009 0
0.983 0 -1.019 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 -0.020 0
0 0 -0.005 0
-0.983 0 0.986 0
-0.983 0 0.975 0
-0.983 0 1.019 0
0.983 -4.484 -0.990 1.023
0.983 -4.484 -1.000 1.022
0.983 -4.484 -1.026 1.014
0 -4.484 0 1.022
0 -4.484 -0.006 1.027
0 -4.484 -0.005 1.029
-0.983 -4.484 0.990 1.02 3
-0.983 -4.484 0.992 1.033
-0.983 -4.484 1.025 1.042
0.983 -1.996 -0.986 1.012
0.983 -1.996 -1.009 1.013
0.983 -1.996 -1.018 1.015
0 -1.996 0 1.012
0 -1.996 -0.019 1.012
0 -1.996 -0.002 1.012
0 -1.996 -0.037 1.012
0 -1.996 -0.004 1.013
-0.983 -1.996 0.986 1.012
1 546 nm
1 436 nm
1 656 nm
2 546 nm
3 546 nm
4 546 nm
5 546 nm
6 546 nm
7 546 nm
8 546 nm
9 546 nm
10 546 nm
11 546 nm
12 546 nm
13 546 nm
13 436 nm
13 656 nm
14 546 nm
15 546 nm
16 546 nm
17 546 nm
18 546 nm
19 546 nm
20 546 nm
21 546 nm
22 546 nm
23 546 nm
24 546 nm
25 546 nm
26 546 nm
27 546 nm
28 546 nm
29 546 nm
30 546 nm
31 546 nm
32 546 nm
32 436 nm
32 656 nm
33 546 nm
34 546 nm
0 0
0 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
0 0
0 0
4 0
9 0
0 0
4 0
9 0
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
4 -3
4 -3
9 -3
0 -3
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35 546 nm 4 -3 -0.983 -1.996 0.975 1.011
36 546 nm 9 -3 -0.983 -1.996 1.020 1.011
37 546 nm 0 -3 0.983 0.492 -0.992 1.026
38 546 nm 4 -3 0.983 0.492 -1.010 1.031
39 546 nm 9 -3 0.983 0.492 -1.051 1.049
40 546 nm 0 -3 0 0.492 0 1.027
41 546 nm 4 -3 0 0.492 -0.014 1.023
42 546 nm 9 -3 0 0.492 -0.025 1.028
43 546 nm 0 -3 -0.983 0.492 0.992 1.026
44 546 nm 4 -3 -0.983 0.492 0.987 1.015
44 436 nm 4 -3 -0.983 0.492 1..019 1.021
44 656 nm 4 -3 -0.983 0.492 0.961 1.028
45 546 nm 9 -3 -0.983 0.492 1.010 1.007
46 546 nm 0 -15 0.983 -12.465 -0.990 5.112
47 546 nm 4 -15 0.983 -12.465 -0.980 5.115
48 546 nm 9 -15 0.983 -12.465 -0.980 5.114
49 546 nm 0 -15 0 -12.465 0 5.112
50 546 nm 4 -15 0 -12.465 0.012 5.117
51 546 nm 9 -15 0 -12.465 0.035 5.116
52 546 nm 0 -15 -0.983 -12.465 0.990 5.112
53 546 nm 4 -15 -0.983 -12.465 1.010 5.117
54 546 nm 9 -15 -0.983 -12.465 1.058 5.115
55 546 nm 0 -15 0.983 -9.977 -0.990 5.057
56 546 nm 4 -15 0.983 -9.977 -1.004 5.062
57 546 nm 9 -15 0.983 -9.977 -1.006 5.073
58 546 nm 0 -15 0 -9.977 0 5.058
59 546 nm 4 -15 0 -9.977 -0.010 5.058
60 546 nm 9 -15 0 -9.977 0.012 5.063
61 546 nm 0 -15 -0.983 -9.977 0.990 5.057
62 546 nm 4 -15 -0.983 -9.977 0.988 5.054
63 546 nm 9 -15 -0.983 -9.977 1.039 5.051
64 546 nm 0 -15 0.983 -7.489 -1.000 5.127
65 546 nm 4 -15 0.983 -7.489 -1.028 5.141
66 546 nm 9 -15 0.983 -7.489 -1.101 5.194
67 546 nm 0 -15 0 -7.489 0 5.127
68 546 nm 4 -15 0 -7.489 -0.02 3 5.129
69 546 nm 9 -15 0 -7.489 -0.061 5.159
70 546 nm 0 -15 -0.983 -7.489 1.000 5.127
71 546 nm 4 -15 -0.983 -7.489 0.987 5.116
71 436 nm 4 -15 -0.983 -7.489 1.019 5.121
71 656 nm 4 -15 -0.983 -7.489 0.961 5.129
72 546 nm 9 -15 -0.983 -7.489 0.988 5.124
Table 4. Skew Ray Trace of the Equiconvex Optical System
Ray Wave- Target Coordinates Stop Coordinates Image Coordinates
Number length Y Z ' Y Z Y Z
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1 546 nm
1 436 nm
1 656 nm
2 546 nm
3 546 nm
4 546 nm
5 546 nm
6 546 nm
7 546 nm
8 546 nm
9 546 nm
10 546 nm
11 546 nm
12 546 nm
13 546 nm
13 436 nm
13 656 nm
14 546 nm
15 546 nm
16 546 nm
17 546 nm
18 546 nm
19 546 nm
20 546 nm
21 546 nm
22 546 nm
23 546 nm
24 546 nm
25 546 nm
26 546 nm
2 7 546 nm
28 546 nm
29 546 nm
30 546 nm
31 546 nm
32 546 nm
32 436 nm
32 656 nm
33 546 nm
0 0
0 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
0 0
0 0
4 0
9 0
0 0
4 0
9 0
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
4 -3
4 -3
9 -3
.947
.947
.947
.947
.947
.947
0.947
0.947
0.947
0.947
0.947
0
0
0
-0.
-0.
-0.
0.
0.
0.
0
0
0
0
0
-0.947
-0.947
-0.947
0.947
0.947
0.947
0
0
0
-0.947
-0.947
-0.947
0.947
0.947
0.947
0
0
0
0
0
-2.509
-2.509
-2.509
-2.509
-2.509
-2.509
-2.509
-2.509
-2.509
-2.509
-2.509
0
0
0
0
0
0
0
0
0
0
0
-4.496
-4.496
-4.496
-4.496
-4.496
-4.496
-4.496
-4.496
-4.496
-1.987
-1.987
-1.987
-1.987
-1.987
-1.987
-1.987
-1.987
-0.946
-0.960
-0.939
-0,. 994
-1.045
0
-0
-0
0
039
041
946
0.923
0.977
0.941
0.998
1.026
0
0
0
0.049
0.032
0.941
0.908
0.977
0.945
0.989
1.032
0
0.035
0.032
0.095
0.925
984
942
997
025
048
032
-0.065
-0.032
-0.002
-0.008
-0.014
-0.004
-0.016
-0.002
0.002
0.001
-0.002
0.009
0.018
0
0
0
0
0
0
0
0
0
0
0
1.023
1.022
1.014
1.022
1.027
1.029
1.023
1.033
1.042
1.012
1.013
1.015
1.012
1.012
1.012
1.012
1.013
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34 546 nm 0 -3 -0.947 -1.987 0.942 1.012
35 546 nm 4 -3 -0.947 -1.987 0.909 1.011
36 546 nm 9 -3 -0.947 -1.987 0.978 1.011
37 546 nm 0 -3 +0.947 0.521 -0.947 1.026
38 546 nm 4 -3 +0.947 0.521 -0.998 1.031
39 546 nm 9 -3 +0.947 0.521 -1.057 1.049
40 546 nm 0 -3 0 0.522 0 1.027
41 546 nm 4 -3 0 0.522 -0.043 1.023
42 546 nm 9 -3 0 0.522 -0.051 1.028
43 546 nm 0 -3 -0.947 0.522 0.947 1.026
44 546 nm 4 -3 -0.947 0.522 0.921 1.016
45 546 nm 9 -3 -0.947 0.522 0.970 1.008
46 546 nm 0 -15 0.947 -12.444 -0.945 5.112
47 546 nm 4 -15 0.947 -12 .444 -0.969 5.115
48 546 nm 9 -15 0.947 -12.444 -0.987 5.114
49 546 nm 0 -15 0 -12.444 0 5.112
50 546 nm 4 -15 0 -12 .444 -0.017 5.116
51 546 nm 9 -15 0 -12 .444 0.008 5.116
52 546 nm 0 -15 -0.947 -12.444 0.945 5.112
53 546 nm 4 -15 -0.947 -12 .444 0.943 5.117
54 546 nm 9 -15 -0.947 -12.444 1.017 5.116
55 546 nm 0 -15 0.947 -9.936 -0.945 5.057
56 546 nm 4 -15 0.947 -9.936 -0.992 5.062
57 546 nm 9 -15 0.947 -9.936 -1.013 5.073
58 546 nm 0 -15 0 -9.936 0 5.058
59 546 nm 4 -15 0 -9.936 -0.040 5.058
60 546 nm 9 -15 0 -9.936 -0.156 5.062
61 546 nm 0 -15 -0.947 -9.936 HO. 945 5.057
62 546 nm 4 -15 -0.947 -9.936 0.921 5.054
63 546 nm 9 -15 -0.947 -9.936 0.998 5.051
64 546 nm 0 -15 0.947 -7.442 -0.955 5.127
65 546 nm 4 -15 0.947 -7.442 -1.016 5.140
66 546 nm 9 -15 0.947 -7.442 -1.107 5.193
67 546 nm 0 -15 0 -7.442 0 5.127
68 546 nm 4 -15 0 -7.442 -0.052 5.129
69 546 nm 9 -15 0 -7.442 -0.087 5.158
70 546 nm 0 -15 -0.947 -7.442 0.955 5.127
71 546 nm 0 -15 -0.947 -7.442 0.920 5.116
71 436 nm 0 -15 -0.947 -7.442 0.951 5.121
71 656 nm 0 -15 -0.947 -7.442 0.948 5.123
72 546 nm 9 -15 -0.947 -7.442 0.948 5.123
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Table 5. Skew Ray Trace of the Piano-Convex Optical System -
Plane Side Away from Target
Ray Wave
Number length
Target Coordinates
Y Z
top Coesrdinates Image Coordinates
Y Z Y Z
0.827 -2.560 -0.811 -0.002
0.827 -2.560 -0.821 -0.008
0.827 -2.560 -0.804 -0.014
0.827 -2.560 -6.938 -0.004
0.827 -2.560 -1.050 -0.150
0 -2.560 0 -0.002
0 -2.560 -0.114 0.002
0 -2.560 -0.137 0.001
0.827 r.2.560 0.811 -0 . 002
0.827 -2.560 0.729 0.007
0.827 -2.560 0.817 0.017
0.827 0 -0.807 0.000
0.827 0 -0 . 942 0
0.827 0 -1.033 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 -0.122 0
0 0 -0.130 0
0.827 0 0.607 0
0.827 0 -.715 0
0.827 0 0.816 0
0.827 -4.527 -0.810 1.022
0.827 -4.527 -0.933 1.022
0.827 -4.527 -1.038 1.015
0 -4.527 0 1.022
0 -4.527 -0.110 1.026
0 -4.527 -0.128 1.028
0.827 -4.527 0.810 1.022
0.827 -4.527 0.732 1.031
0.827 -4.527 0.825 1.041
0.827 -1.966 -0.807 1.011
0.827 -1.966 -0 . 942 1.012
0.827 -1.966 -1.032 1.014
0 -1.966 0 1.012
0 -1.966 -0.122 1.012
0 -1.966 -0.106 1.011
0 -1.966 -0.139 1.012
0 -1.966 -0.129 1.013
1 546 nm
1 436 nm
1 656 nm
2 546 nm
3 546 nm
4 546 nm
5 546 nm
6 546 nm
7 546 nm
8 546 nm
9 546 nm
10 546 nm
11 546 nm
12 546 nm
13 546 nm
13 436 nm
13 656 nm
14 546 nm
15 546 nm
16 546 nm
17 546 nm
18 546 nm
19 546 nm
20 546 nm
21 546 nm
22 546 nm
23 546 nm
24 546 nm
25 546 nm
26 546 nm
27 546 nm
28 546 nm
29 546 nm
30 546 nm
31 546 nm
32 546 nm
32 436 nm
32 656 nm
33 546 nm
0 0
0 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
4 0
9 0
0 0
0 0
0 0
4 0
9 0
0 0
4 0
9 0
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
9 -3
0 -3
4 -3
4 -3
4 -3
9 -3
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34 546 nm 0 -3 -0.827 -1.966 0.807 1.011
35 546 nm 4 -3 -0.827 -1.966 0.716 1.011
36 546 nm 9 -3 -0.827 -1.966 0.817 1.010
37 546 nm 0 -3 0.827 0.594 -0.812 1.026
38 546 nm 4 -3 0.827 0.594 -0.943 1.030
39 546 nm 9 -3 0.827 0.594 -1.062 1.047
40 546 nm 0 -3 0 0.594 0 1.026
41 546 nm 4 -3 0 0.594 -0.117 1.023
42 546 nm 9 -3 0 0.594 -0.147 1.028
43 546 nm 0 -3 -0.827 0.594 0.812 1.026
44 546 nm 4 -3 -0.827 0.594 tT. 727 1.017
44 436 nm 4 -3 -0.827 0.594 0.754 1.023
44 656 nm 4 -3 -0.827 0.594 0.702 1.030
45 546 nm 9 -3 -0.827 0.594 0.811 1.008
46 546 n; i 0 -15 0.827 -12.392 -0.810 5.109
47 546 nm 4 -15 0.827 -12.392 -0.913 5.113
48 546 nm 9 -15 0.827 -12.392 -0.993 5.112
49 546 nm 0 -15 0 -12.392 0 5.110
50 546 nm 4 -15 0 -12.392 -0.091 5.114
51 546 nm 9 -15 0 -12.392 -0.088 5.114
52 546 nm 0 -15 -0.827 -12.392 0.810 5.109
53 546 nm 4 -15 -0.827 -12.392 0.749 5.115
54 546 nm 9 -15 -0.827 -12.392 0.858 5.115
55 546 nm 0 -15 0.827 -9.831 -0.810 5.055
56 546 nm 4 -15 0.827 -9.831 -0.936 5.059
57 546 nm 9 -15 0.827 -9.831 -1.019 5.069
58 546 nm 0 -15 0 -9.831 0 5.055
59 546 nm 4 -15 0 -9.831 -0.113 5.056
60 546 nm 9 -15 0 -9.831 -0.113 5.060
61 546 nm 0 -15 -0.827 -9.831 0.810 5.055
62 546 nm 4 -15 -0.82 7 -9.831 0.728 5.052
63 546 nm 9 -15 -0.827 -9.831 0.836 5.049
64 546 nm 0 -15 0.827 -7.271 -0.819 5.124
65 546 nm 4 -15 0.827 -7.271 -0.960 5.137
66 546 nm 9 -15 0.827 -7.271 -1.110 5.187
67 546 nm 0 -15 0 -7.271 0 5.124
68 546 nm 4 -15 0 -7.271 -0.127 5.127
69 546 nm 9 -15 0 -7.271 -0.180 5.154
70 546 nm 0 -15 -0.827 -7.271 0.819 5.124
71 546 nm 4 -15 -0.827 -7.271 0.725 5.116
71 436 nm 4 -15 -0.827 -7.271 0.753 5.121
71 656 nm 4 -15 -0.827 -7.271 0.701 5.129
72 546 nm 9 -15 -0.827 -7.271 0.791 5.120
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APPENDIX B
MECHANICAL DRAWINGS
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